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INTRODUCTION 

Many c o a l  mine e x p l o s i o n s  o r i g i n a t e  when t h e  me thane -a i r  mix tu re  
a t  t h e  workinq f a c e  i s  i g n i t e d .  The a i r  motion r e s u l t i n g  from t h e  
i n i t i a l  combust ion c a u s e s  t h e  coal  d u s t  l a y e r  on  t h e  w a l l s  to  become 
s t i r r e d  i n t o  t h e  a i r  ahead  of t h e  p r o p a g a t i n g  f lame.  The e x p l o s i o n  
process then  hecomes one  o f  a p r o p a g a t i n g  coal d u s t  methane f l a r x .  
The re fo re ,  any  d e v i c e  which is des igned  to  e x t i n g u i s h  t h e  f lame h y  
add ing  some so r t  o f  s u p p r e s s a n t  t o  t h e  unburned a i r  must be e f f e c t i v e  
w i t h  c o a l  d u s t  methane f l ames  o f  va ry ing  p r o p o r t i o n s .  It i s ,  t h e r e -  
f o r e ,  e s s e n t i a l  t o  have  a knowledge o f  t h e  e f f e c t i v e n e s s  of v a r i o u s  
s u p p r e s s a n t s  and  t h e  mechanism b y  which t h e y  work. 

I n  t h i s  p r o j e c t ,  w e  a r e  d e v e l o p i n g  a t e c h n i q u e  t o  s t u d y  b o t h  t h e  
e f f e c t i v e n e s s  and s u p p r e s s i o n  mechanism f o r  v a r i o u s  s o l i d  and gascorls 
s u p p r e s s a n t s  i n  methane coal  d u s t  a i r  f l ames .  I n  t h i s  p a p e r ,  w e  a r c  
r e p o r t i n g  some i n i t i a l  r e s u l t s  d e a l i n g  w i t h  t h e  e f f e c t  of gaseous  
s u p p r e s s a n t s  on a gaseous  methane a i r  f lame.  

h a d i t i o n a l l y ,  t h e  f l a m m a b i l i t y  of s u c h  f u e l - a i r  s u p p r e s s a n t  
m i x t u r e s  h a s  been  de te rmined  b y  o b s e r v i n g  t h e  upward or downward pro- 
p a g a t i o n  o f  a f l ame  o v e r  a f i x e d  d i s t a n c e  i n  a r e l a t i v e l y  l a r g e  d i a -  
meter tube  a f t e r  i g n i t i o n  a t  the  open end o f  t h e  t u b e  ( 1 ) .  There  i s ,  
however,  some q u e s t i o n  as to  the a p p l i c a b i l i t y  o f  t h i s  t y p e  of d a t a  to 
t h e  case where a flame propagates from a f u l l y  flammable r e g i o n  i n t o  a 
r e g i o n  t h a t  c o n t a i n s  a s u p p r e s s a n t .  

This pape r  d e s c r i b e s  a new t e c h n i q u e  f o r  d e t e r m i n i n g  f l a m m a b i l i t y  
l i m i t s  u s i n g  a l a r g e  s t e a d y  f low b u r n e r  i n  which t h e  s u p p r e s s a n t  n ix -  
t u r e  i s  p l a c e d  i n  c o n t a c t  w i t h  a f lame p r o p a g a t i n g  th rough  a m i x t u r e  
devo id  o f  S u p p r e s s a n t  i n  a n  a t t e m p t  to  more r e a l i s t i c a l l y  model t h e  
mine s i t u a t i o n .  

THE BURNER 

I n  o r d e r  t o  i n v e s t i g a t e  the problem o f  d i r e c t  e x t i n g u i s h m e n t ,  a 
special  s t e a d y  f l o w  b u r n e r  w a s  c o n s t r u c t e d .  P r o v i s i o n s  have  been made 
f o r  t h e  u s e  o f  c o a l  d u s t  a s  a f u e l  and  s o l i d s  a s  s u p p r e s s a n t s  a l though  
t h e y  were n o t  used  to o b t a i n  t h e  r e s u l t s  d i s c u s s e d  i n  t h i s  r e p o r t .  
The basic o b j e c t i v e  of t h e  b u r n e r  d e s i g n  w a s  t o  o b t a i n  two r e l a t i v e l y  
l a r g e  a r e a  s t r e a m s ,  one  of which w i l l  s u p p o r t  a s t e a d y  o b l i q u e  f lame 
s h e e t  such  t h a t  t h e  f lame c a n  be made t o  p r o p a g a t e  from t h i s  f u l l y  
flammable r e g i o n  i n t o  a n o t h e r  r e g i o n  c o n t a i n i n g  s u p p r e s s a n t .  This  was 
accomplished b y  d i v i d i n g  t h e  f low a r e a s  a t  t h e  b u r n e r  head i n  t h e  
manner shown i n  F i g u r e  1. 

The two i n n e r  r e c t a n g u l a r  r e g i o n s  of t h i s  b u r n e r  a r e  f e d  by f lows  
t h a t  c o n t a i n  o n l y  a f u e l - a i r  m i x t u r e  for the l a r g e r  a n n u l a r  shaped  
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r e c t a n g u l a r  r e g i o n  and f u e l - a i r  s u p p r e s s a n t  m i x t u r e s  €or t h e  c e n t r a l  
r e c t a n g u l a r  r e g i o n .  The o u t e r  o f  these two r e g i o n s  t h e r e f o r e  p r o v i d e s  
a t y p i c a l  non-suppressed premixed l a m i n a r  f lame as a n  i g n i t i o n  f lame 
w h i l e  t h e  i n n e r  r e g i o n  c o n t a i n s  a f l o w  i n  which a s u p p r e s s a n t  may b e  
added to t h e  m i x t u r e  to tes t  f o r  f l a m m a b i l i t y  l i m i t  b e h a v i o r .  The 
flow r a t e s  and c o m p o s i t i o n  o f  each r e g i o n  may be v a r i e d  and measured 
i n d e p e n d e n t l y  u s i n g  r o t a m e t e r s .  The n i t r o g e n  f l o w s  a l o n g  t h e  t w o  s h o r t  
edges  o f  t h e  b u r n e r  p r e v e n t  f lame a t t a c h m e n t  a t  t h e  end o f  t h e  b u r n e r  
and f a c i l i t a t e  end-on o b s e r v a t i o n  of t h e  f lame (i.e.,  o b s e r v a t i o n  a l o n g  
t h e  major a x i s  o f  t h e  b u r n e r ) .  The a i r  c h a n n e l s  a l o n g  t h e  l o n g e r  o u t e r  
edges  of  the  b u r n e r  s h i e l d  t h e  o u t e r  edges  o f  t h e  f lame from e x t e r n a l  
d i s t u r b a n c e s  and c a n  be used to  s t a b i l i z e  l a r g e  d i f f u s i o n  f lames  i n  t h e  
a n n u l a r  r e c t a n g u l a r  f l o w  regime.  Plow d i f f u s e r s  have  been  p l a c e d  i n  
a l l  o f  t h e  f low s t r e a m s  below t h e  b u r n e r  head i n  o r d e r  t o  o b t a i n  'a 
uniform f low v e l o c i t y  i n  each  o u t l e t  r e g i o n  o f  t h e  b u r n e r .  The f i n a l  
e x i t  p l a n e  o f  t h e  b u r n e r  i s  f i l l e d  w i t h  o v e r  2000 c l o s e l y  packed 1/8 
i n c h  s t a i n l e s s  s t e e l  t u b e s  which a r e  long  enough to  d e v e l o p  and s t a -  
b i l i z e  a f u l l y  l a m i n a r  f low a t  t h e  b u r n e r  head .  These t u b e s  also s e r v e  
t o  quench t h e  f lame and p r e v e n t  f l a s h  back i n t o  t h e  body o f  t h e  b u r n e r  
a t  low flow v e l o c i t i e s .  I n  a d d i t i o n ,  as shown i n  F i g u r e  1, t h e  b u r n e r  
head c o n t a i n s  a number o f  p a r a l l e l  s t a i n l e s s  s t e e l  shim s t o c k  s p a c e r s  
which h e l p  s t a b i l i z e  b o t h  t h e  f low and  the f lame.  

I 

THE TECHNIQUE . 

I The flame s h a p e s  t h a t  are obse rved  i n  t h i s  b u r n e r  are a c t u a l l y  
q u i t e  complex and ,  i n  g e n e r a l ,  depend upon t h e  s t o i c h i o m e t r y  o f  b o t h  
t h e  s u r r o u n d i n g  i g n i t i o n  s t r e a m  and t h e  c e n t r a l  s u p p r e s s a n t  s t r e a m  as I 

w e l l  as t h e i r  v e l o c i t i e s .  I 
I 

It has  been  found t h a t  i n  t h e  i g n i t i o n  s t r e a m  a s i n g l e  l a r g e  t e n t  
f lame,  open a t  b o t h  e n d s ,  may b e  e a s i l y  s t a b i l i z e d  o n  t h e  r i c h  s i d e  
even though on t h e  l e a n  s i d e  it i s  e a s i e r  t o  s t a b i l i z e  a f lame which 
a t t a c h e s  to  m o s t  o f  t h e  shim s p a c e r s  and t h e r e b y  p roduc ing  a s h o r t e r  
h e i g h t  m u l t i p l e  t e n t  f l a m e  which is a l s o  open a t  t h e  ends.  I n  a l l  
t h e s e  c a s e s ,  t h e  i n n e r  tes t  s t ream,  which may c o n t a i n  s u p p r e s s a n t ,  i s  
c o n t a c t e d  on f o u r  s i d e s  b y  a h o t  p r o d u c t  s t r e a m  i s s u i n g  from t h e  
i g n i t i o n  reg ion .  

I n  t h e  e x p e r i m e n t s  on  f l a m m a b i l i t y ,  w e  a r e  i n t e r e s t e d  i n  how t h i s  
c e n t r a l  s t r e a m  behaves  as i t s  compos i t ion  p a s s e s  th rouuh  t h e  flammabi- 
l i t y  l i m i t  o f  t h e  m i x t u r e .  P r e l i m i n a r y  o b s e r v a t i o n s  showed t h a t  f o r  
s u p p r e s s a n t  and i g n i t i o n  s t r e a m  e q u i v a l e n c e  r a t i o s  which were l e a n -  
r i c h  or r i c h - l e a n  and f o r  a flammable mix tu re  i n  t h e  s u p p r e s s a n t  
s t r e a m  t h e  b u r n e r  a lways  e x h i b i t e d  a c e n t r a l  t e n t  f lame i n  t h e  suppres-  
s a n t  s t r e a m  which was anchored  a t  t h e  r e c t a n g u l a r  s t r e a m  d i v i d e r  edges.  
However, f o r  a r i c h - r i c h  o r  l e a n - l e a n  i n t e r f a c e ,  t h e  f lame d i d  n o t  
a t t a c h  a t  t h e  i n t e r f a c e  d i v i d e r  edge b u t  i n s t e a d  p r o p a g a t e d  a c r o s s  t h e  
i n t e r f a c e  to  p roduce  a f lame which, i n  g e n e r a l ,  s i t u a t e d  i t s e l f  a t  a 
d i f f e r e n t  o b l i q u e  a n g l e  t h a n  t h a t  which e x i s t e d  i n  t h e  i g n i t i o n  s t ream.  
These t w o b e h a v i o r s  are  i l l u s t r a t e d  f o r  a s e c t i o n  o f  t h e  f lame i n  
F i g u r e  2. I 

It w a s  o b s e r v e d  t h a t  i f  one viewed t h e  f l a m e . a l o n g  t h e  mayor a x i s  
o f  t h e  b u r n e r  a s  one a l t e r e d  t h e  s u p p r e s s a n t  s t r e a m  compos i t ion  from 
flammable to in f l ammable ,  t h e  i n c l u d e d  a n g l e  o f  t h e  c e n t r a l  t e n t  flame 
a t  f i r s t  r a p i d l y  approached  an a n g l e  which was n e a r  z e r o  and t h e n  
remained a t  or n e a r  t h a t  small a n g l e  w i t h  f u r t h e r  changes  i n  composi- 
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tion. Interestingly enough, this type of distinct limit behavior was 
observed for either of the interface geometries described in Figure 2 .  

Based on the above observations, the following procedure for 
determining flammability limits was developed. A premixed laminar 
flame was established in the outer (non-suppressed) stream, while the 
mixture in the inner (suppressant) stream was set well beyond the 
flammability limit in order to prevent flashback. The flows were ad- 
justed so that the inner stream velocity always remained close to that 
of the outer stream. 

During an experimental run the composition of the inner (suppres- 
sant) stream was changed systematically so that its composition varied 
in steps from a completely non-flannrable to a completely flamabie 
mixture. This was done by either changing the percentage of fuel 
(methane) or the percentage of suppressant depending upon the region 
of the flammability curve that was to be investigated in that parti- 
cular run. Observations of the flame angle were made through a trans- 
parent plexiglass window located approximately three feet frcn the 
burner head. For each of the flow settings (i.e., for each of the 
compositions of the suppressant stream) the operator placed his eye in 
line with each flame tent edge and drew lines parallel to each side of 
the flame sheet as it existed just inside of the suppressant stream. 
A transparent plastic sheet was mounted on the plexiglass wiiiciow for  
this purpose. In this way an accurate measurement of the included 
flame anqle was obtained for that particular set of rotamctm scttinqs. 
This includcdangle between the two flame sheets was divided by two to 
obtain, t h e  oblique flame angle a. Since this operation was pcrforned 
for a number of points during a systematic change in composition, the 
technique in effect involves titrating the flame for an end point 
corresponding to the flammable limit of that particular mixture. 
Figure 3 illustrates the experimentally obtained relationship hetwecn 
the included flame half angle, a, and the fuel concentration in the 
suppressant stream for three different suppressant percentages. In 
this case the percent methane was t h e  titration variable. Observe 
the decrease of at towards zero with a distinct change in the slope of 
the alpha-fuel composition curve when the angle becomes close to zero. 
In some cases, the stream lines were slightly divergent or convergsn? 
so that the maximum inflection in the curve (end point) was ohserveci 
for values of alpha slightly less than or slightly qreatcr than zcra. 
In actual practice, the flammable limit composition was chosen a s  the 
point at which the flammable and inflammable branches of the alnha, 
percent composition curves intersectcd as indicated by the smooth 
extrapolation of these curves. It should be noted that it was still 
possible to observe an "apparent flame sheet" in our burner even 
though the suppressant stream composition was well outside the flamma- 
bility limit. This can be attributed to reactions occurring as the 
fuel in the suppressant stream encounters hot combustion gases from 
the ignition stream due to diffusional processes. Thus, some observ- 
able reactions were occurring although under these conditions they 
were not of sufficient magnitude to support a propagating flame in the 
suppressant stream. 

ACCURACY AND REPRODUCIBILITY OF THE TECHNIQUE 

.In order to check on accuracy and reproducibility, a few titration 
runs were repeated at different suppressant flow velocities and on 
different days. A comparison of the OL versus CH4 percent for thcsc 
cases is shown in Figure 4 .  

i 

\ 
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Both of these c u r v e s  i l l u s t r a t e  t h a t  t h e  r e p r o d u c i h l l i t y  of t h e  
d a t a  is + 1/2 p e r c e n t  CH4 and  t h a t  t h e  l o c a t i o n  of t h o  jnflc.c:ion 
p o i n t  i s - r e l a t i v e l y  i n s e n s i t i v e  to t h e  f l o w  v e l o c i t y .  mwcvar, s e n s i -  
t i v i t y  of t h e  t e c h n i q u e  is  de te rmined  b y  t h e  flow veloc:it:{ t o  some 
e x t e n t  because  a t  high f l o w  v e l o c i t y  and  a t  h i g h  s u p p r c s s a n t  concen- 
t ra t ions ,  the maximum v a l u e  o f  d becomes v e r y  s m a l l ,  a!; i s  chown i n  
F i g u r e  3. T h e r e f o r e ,  the expe r imen t s  were a lways  perfo;::ed ::it-h t h e  
lowes t  p o s s i b l e  s u p p r e s s a n t  flow v e l o c i t y  for t h e  pnr1:ic:::lar C;7;ire9 
t i t r a t  i o n .  

W e  f e e l  t h a t  t h e  e q u i v a l e n c e  r a t i o  o f  t h e  extcrn:. l  i g n i t i o n  
stream may possibly h a v e  a n  e f f e c t  on the end po i i i t ,  I.c., c!:: the 
measured f l a m m a b i l i t y  l i m i t .  However to d a t e  a l l  the  d a t a  lis- been 
t aken  w i t h  a l e a n  s u r r o u n d i n g  i g n i t i o n  s t r eam.  T h i s  is t h e  r c a s 6 n  why 
the r i c h  end of t h e  d c u r v e s  i n  F i g u r e  4 a l l  havr. ;.nZ 
whose v a l u e  of d is grea te r  t h a n  zero degrees .  Ciider 
t h e  r i c h  b ranch  of the f l a m m a b i l i t y  c u r v e  i s  a lways  mci;.:u:ail Ci‘ron an 
a t t a c h e d  flame and  flow d i v e r g e n c e  does  n o t  o c c u r  ca~d.?.;~. E?c l ean  
b r a n c h ,  o n  the o t h e r  hand ,  is a lways  o r i e n t e d  as cliowr, 1.11 F i i j ~ i r ~  223 
and u n d e r  t h e s e  c o n d i t i o n s  central  stream d i v e r g e n c e  occu.rs r i i l a t i v e l y  
e a s i l y .  Thus, some of t h e  l e a n  end points  o c c u r  for r::ktiv.::!.y large 
n e g a t i v e  v a l u e s  o f  e. 

RESULTS 

The c f f e c t s  of f o u r  s u p p r e s s a n t s  ( A r ,  N 2 ,  C02, and IIaLc!i 1331) on 
t h e  f l a m m a b i l i t y  l i m i t s  o f  a methane-air  f l a m e  a r e  s h u m  i n  F f q u r e  5 .  
The f l a m m a b i l i t y  l i m i t s  de t e rmined  b y  t h i s  technj.que were g e r i ~ r a l l y  
found t o  be w i d e r  t h a n  those de te rmined  b y  s t a n d n r d  v e s s e l  p~G:Xi.gatiari 
t e c h n i q u e s .  The l e a n  l i m i t s  o b t a i n e d  t ended  t o  bo abou t  1 p e r c e n t  C;i.; 
l e a n e r  than vessel  p r o p a g a t i o n  l i m i t s  and  c o n v e r s e l y ,  the  r i c h  limits 
were a b o u t  1 p e r c e n t  CH4 r i c h e r  t h a n  vessel  p r o p a g a t i o n  lir.tits for a 
g i v e n  p e r c e n t a g e  of s u p p r e s s a n t .  The o n l y  e x c e p t i o n  noted  v a s  t h e  case  
of Halon 1 3 0 1  i n  which the r i c h  f l a m m a b i l i t y  l i m i t s  wcrc agpixxzina te ly  
2 p e r c e n t  M4 richer than those f r o m  vessel  p ropaga t i c i :  liialit.s ( 2 ) .  

I t  was o b s e r v e d  t h a t  the  r i ch  l i m i t s  for N2 and AI? were j . n d i s -  
t i n g u i s h a b l e  and t h a t  t h e  l e a n  l i m i t s  were very cl.ose, a7. thmch t h e  x2 
l e a n  l i m i t s  were 10 p e r c e n t  h i g h e r  t h a n  t h e  va luca  o f  P a r  lotin 1in:its. 
The r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s  (1) show a s u h s t a n t i . a l  di?fe;once 
between Nz and A r  l i m i t s .  The r e a s o n  f o r  t h e  d i f i ’ e rcwc  5 i n  the 
- - - _ _ _ _  ? - e c r r l t =  j.$ c l e a r  this rim,?. Q-.e nf ?-->e feT:t*...?.f-c. nf the !!C!”J 

t e c h n i q u e  which may have  a b e a r i n g  on t h e  comparison with o t h e r  toch-  
n i q u e s  is t h e  l a c k  of  a h e a t  s i n k  f o r  t h e  s u p p r e s s e d  gases.  Ynus, t h e  
the rma l  c o n d u c t i v i t y  of t h e  g a s c s  may havc  a s t r o r ~ q c i :  inf1uc:;c:e i n  onr? 
sys t em than  i n  t h e  o t h e r .  I n  a d d i t i o n ,  s i n c e  t h e  new t e c h n i q u e  i .nvolves 
the u s e  of a f o r c e d - f l o w  sys t em,  the p h y s i c a l  p r o p e r t i e s  o f  t h o  gascs 
cou ld  a l s o  h a v e  v a r y i n g  d e g r e e s  o f  i n f l u e n c e  i n  t h e  d i f f e r e n t  tech-  
n i q u e s .  

CONCLUSIONS 

A t e c h n i q u e  h a s  been deve loped  f o r  t h e  measurement of t h e  
e x t i n c t i o n  l i m i t s  of w e l l - e s t a b l i s h e d  f l a m e s  by gaseous  Suppres san t s .  
The r e s u l t s  of t h i s  t e c h n i q u e  a r e  similar t o  t h e  r e s u l t s  o f  conven- 
t i o n a l  t e c h n i q u e s ,  a l t h o u g h  t h e  f l a m m a b i l i t y  l i m i t s  a re  wide r  f o r  t h i s  
t e c h n i q u e  t h a n  those o b t a i n e d  fo r  c o n v e n t i o n a l  t echn iques .  
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